Purpose Aim of this study was to evaluate morphometric parameters of metaphase II oocytes, including cytoplasm diameter (CD), zona pellucida thickness (ZPT) and width of the perivitelline space (PS), in relation with zona pellucida birefringence, spindle presence and age of the woman. Methods Oocytes were classified into groups according to zona birefringence (low or high zona birefringence, LZB and HZB, respectively) and presence or absence of a visible spindle (SP and aSP, respectively).
Introduction
Morphological oocyte evaluation, while highly subjective, is still the standard criterion for routine work in intracytoplasmic sperm injection (ICSI) [1] . Morphological evaluation before ICSI helps to identify metaphase II (MII) oocytes with higher developmental potential [2] . The gross morphology of MII oocytes includes variations of oocyte shape, color, granularity and homogeneity of cytoplasm, width of perivitelline space, debris in the perivitelline space, vacuolization, inclusions and abnormalities of the first polar body (1st PB) or of the zona pellucida (ZP) [3] . For example, it has been reported that oocyte selection based on 1st PB morphology results in higher fertilization rates and better embryo quality [4] , while a large perivitelline space has been related to a lower fertilization rate [3] . However, the influence of all these oocyte features on post-ICSI fertilization rate and embryo development is still controversial [5] .
Objective assessment of oocyte quality is actually an important matter of investigation in assisted reproduction technology (ART) because the use of ICSI is increasing also for non andrologic infertility and for some center represents nowadays the only ART performed.
Since in several countries, for bioethical reasons, it is not possible to discard or freeze embryos, the interest for oocyte selection is growing. On the other hand, thought many embryo or pronuclear score systems have been proposed for quality evaluation [6] , their predictivity is still limited. Moreover, oocyte freezing technique performances improved recently [7] and it is becoming more and more used, also for egg donation procedures. However results of oocytes freezing/thawing ART cycles still relay on the choice of good quality oocytes [8] . All these reasons indicate the urgency of determining objective criteria for oocytes selection.
New methodologies, including polar body diagnosis (PBD) [9] , metabolomics [10] , polarization light microscopy [11] [12] [13] [14] [15] and pattern recognition of processed images by special algorithms [16] , have been proposed as methods to improve the objective selection of good quality oocytes. In particular, the PolScope was used in a semiquantitative mode to evaluate the birefringence of the ZP [17] and the meiotic spindle (SP) of metaphase II oocytes [12] . The zona pellucida exhibits optical anisotropy and it was demonstrated that the filaments in the inner and outer layers exhibit different orientations of their axis [17] . Softwares are available (i.e. OCTAX PolarAIDE™) that automatically calculate the zona birefringence and display in real time objective and user-independent zona scores based on the intensity and distribution of the birefringence [18] . High zona pellucida birefringence (HZB) has been associated with a significantly higher rate of embryo implantation and development to term, as compared with low ZP birefringence (LZB) [14, 15] . In addition, oocytes with high fertilization rate show in general a birefringent SP [12, 15] . Thus, there is a broad agreement that the analysis of the birefringence of the oocyte ZP and SP represents a reliable, objective criterion for good quality oocyte selection.
Since only a few quantitative morphometric studies have been performed on human oocytes, in the present work we have systematically analyzed several morphometric parameters of MII oocytes including perivitelline space size, ZP thickness, and width of the perivitelline space. These parameters were then correlated to the birefringence of the zona pellucida and spindle. A further correlation was evaluated between the morphometric parameters and the patients'age together with FSH levels, conditions associated to decreased fertility [19, 20] and poor oocyte quality [21, 22] , respectively.
Materials and methods

Patients and study design
This study involved 72 infertile couples included in the ICSI program at the Genesis Center for Reproductive Medicine between October 2008 and March 2009. For this prospective study women's age ranged from 24 to 46 years (37.2±5.0 years). FSH levels (2nd day of the cycle) ranged from 3.4 to 13.7 mIU/ml (7.2±2.4 mIU/ml). A written informed consent was obtained, in which patients agreed to share the outcomes of their own cycles for research purposes, and the study was approved by the local review board.
Ovarian stimulation and oocytes retrieval and culture Patients were stimulated with exogenous FSH (Gonal-F; Serono Europe, United Kindom). Monitoring of follicular development by real-time ultrasound scans was performed from day 2 of treatment until the day of follicular puncture. When the ovarian follicles reached 18-20 mm diameter, hCG (Ovitrelle; Serono Europe, United Kindom) was administered, followed 36 h later by follicular aspiration. All incubation steps were performed in an incubator Galaxy S + (Celbio, Italy) equilibrated to 37°C and 5% CO 2 . The collected cumulus-enclosed oocytes were maintained in 500 μl multidisches 4 wells (Nunclon Surface, Denmark) in medium (IVF, Vitrolife, Sweden) under oil (Ovoil-100, Vitrolife Sweden, Sweden) and manteined in the incubator for 2 h after pick-up. Then they were decumulated in hyaluronidase drops (Hyaluronidase, 80 U/ml, SAGE Invitro Fertilization, USA). Oocytes were screened for the presence or absence of the 1st PB by conventional light microscopy, and immature oocytes (germinal vesicle, metaphase I) were excluded from the study. Finally, the oocytes were individually placed in droplets of medium (Gamete-30, Vitrolife, Sweden) under oil in a glass bottom dish (WillCo Wells BV, Netherlands) and cultured for 15 min prior to image capture.
Screening of oocytes and live zona and spindle birefringence analysis
Live imaging of individual oocytes was performed on a Nikon Diaphot-300 inverted microscope equipped with Hoffmann interference optics, stain-free objectives, a circular polarization filter and liquid crystal analyzer optics. The images were captured and saved for analysis of morphometric parameters (see below).
Each oocyte was also imaged by enhanced polarizing microscopy. The birefringence analysis, including autocalibration, was fully controlled by a polarization imaging software module (OCTAX ICSI Guard™, OCTAX Microscience GmbH, Altdorf, Germany) implemented with an imaging software system (OCTAX Eyeware™).
On the basis of zona birefringence, MII oocytes were classified as having a high zona pellucida birefringence (HZB) or low zona pellucida birefringence (LZB). More specifically, the software calculated a score based on intensity and uniformity around the entire cell; oocytes with a birefringence score ≥10 were considered as HZB, oocytes with a <10 score as LZB.
The presence of a birefringent meiotic spindle was analyzed and the oocytes were classified as having a visible spindle (SP) or absent spindle (aSP). The microscope was equipped with a motorized stage (OCTAX) containing a fully heated ceramic plate with a glass insert in the objective pathway. The temperature of the heated plate was adjusted with an external calibrated sensor to maintain 37.0±0.5°C in the medium droplet during microscopic observation [21] . The birifringence data were used to select the three oocytes that Italian law allowed to be fertilized.
Morphometric analysis of the oocytes
The captured images, as reported above, were used to obtain morphometric parameters. In particular, oocytes were analyzed for the total diameter, cytoplasm diameter and ZP thickness (Fig. 1) using the OCTAX Eyeware™ imaging software (OCTAX Microscience GmbH, Altdorf, Germany). To eliminate interpersonal variability, all measurements were taken by the same operator, who was unaware of age and FSH levels of the patients.
Total and cytoplasm diameter of the oocyte and ZP thickness were measured in correspondence of a line drawn along the major axis of the oocyte in order to divide equally the oocyte cytoplasm in two semi-circle (Fig. 1) . Among all possible cytoplasmic diameters we choosed the one that crossed the widest perivitelline space. Along this line we performed all the calculation: total and cytoplasm diameter of the oocyte and ZP thickness. Two ZP thickness measurements were taken at the opposites of the line, and the two measures were averaged. The width of the perivitelline space was indirectly obtained by subtracting the sum of cytoplasm diameter and zona pellucida thickness from the total diameter of the oocyte (Fig. 1) .
Measurement procedures were performed by the same operator twice and the differences between two successive means in each examined parameter were analyzed by t-test. The average of the two measurements was used for calculation.
Statistical analysis
Unpaired t-test was used for paired groups statistical analysis (HZB vs LZB, SP vs aSP; HZB + SP vs LZB + aSP). Chi square test was used to compare HZB-LZB and SP-aSP groups. The results are expressed as the mean±standard error (SE). Linear regression analysis was used to correlate age and FSH levels to the morphometric parameters of the oocytes of the same patient. The results are expressed as the squared regression coefficient (r). Data analysis was carried out using the GraphPad Instat software.
Results
In the present study, we analyzed the morphometric characteristics of 314 MII oocytes obtained from stimulated ovaries of 72 patients enrolled in our Assisted Reproductive Technology (ART) program. For each oocyte the total diameter (zona pellucida + perivitelline space width + cytoplasm) (TD), the cytoplasm diameter (CD), the zona pellucida thickness (ZPT) and the width of the perivitelline space (PS) were measured (Fig. 1) .
According to ZP birefringence, oocytes could be divided into two classes: those showing a high zona pellucida birefringence (HZB oocytes, 57%), and oocytes with low birefringence (LZB oocytes, 43%). On the basis of spindle birefringence, oocytes could be classified into two groups: with or without a visible spindle (SP=61% and aSP=39%, respectively).
No correlation was found between oocyte zona pellucida and spindle birefringence.
We analyzed if ZP birefringence was correlated with age or FSH (Table 1a ). This analysis showed that HZB oocytes are significantly more numerous in younger women (p<0,05), while FSH levels does not influenced the ZP oocytes birefringence.
In the same way, we searched a correlation between spindle birefringence and age or FSH levels (Table 1b) . The spindle presence seemed not to be influenced neither by age or FSH.
Finally we studied the relationship between morphometric measures and other parameters, such as birefringence, age and FSH. No significant differences were observed in total diameter and cytoplasm diameter of the oocytes of the HZB and LZB groups. However, the zona of HZB oocytes was significantly thicker than that of LZB oocytes (17.7± 0.3 μm vs 16.7±0.3 μm, p<0.01). Moreover, the HZB oocytes was associated to a significant (p<0.001) smaller width of the perivitelline space in comparison to LZB oocytes (14.4±0.5 μm vs 17.2±0.6 μm) (Table 2 group a).
The presence or absence of a spindle was not correlated with other morphometric parameters, except for width of the perivitelline space. Specifically, SP oocytes had a thinner perivitelline space (14.9±0.5 μm) than aSP oocytes (16.7±0.6 μm) (p<0.05) ( Table 2 
group b).
The morphometric parameters of the oocytes were then correlated with age of the women. Linear regression analyses showed that both total and cytoplasm diameter of the oocytes were significantly inversely related to the women's age (Figs. 2 and 3) .
We also observed a significant (p<0.0001) inverse relationship between zona thickness and patient's aging (Fig. 4) .
No significant linear correlation was observed between perivitelline space width and aging (data not shown).
FSH level on the 2°day of the cycle is considered as an indicator of the ovarian reserve, as FSH concentration increases when ovarian reserve declines. As expected, we observed that FSH levels increased with the women's age (p<0.01). No significant linear correlation was found between FSH levels and any of the examined morphometric parameters (data not shown).
Discussion
Oocyte quality is intensely investigated for its pivotal role in reproductive success or failure. Several strategies have been suggested to objectively identify the best oocytes [10] . Birefringence of the spindle and the zona of the metaphase II oocyte, as evaluated by polarized light microscopy, have been recently proposed as criteria of quality in live human oocytes [13, 23, 24] . Several studies have reported a positive correlation between high birefringence of the zona pellucida (HZB) and that of the spindle (SP) in metaphase II oocytes, and the main reproductive indexes such as fertilization, embryo implantation and women's pregnancy rate [14, 15] .
In the present paper we show that in MII oocytes HZB and the presence of SP are significantly related to some morphometric parameters (perivitelline space and zona pellucida thickness). Moreover, we have found that a significant correlation exists between the size of oocytes (like oocyte diameter, cytoplasm diameter and zona pellucida thickness) and the patient's age.
We observed that HZB is positively correlated with zona pellucida thickness (ZPT) and inversely correlated with perivitelline space width (PS). On the contrary, LZP oocytes showed decreased ZPT and a wide PS. Moreover, the oocytes with visible spindle (SP) showed a significant smaller perivitelline space than oocytes without spindle (aSP). Because it is known that birefringence is an index of oocyte quality and the width of perivitelline space correlates both with zona pellucida and spindle birefringence, we could consider PS a good morphometric parameters to evaluate oocytes quality.
Previous studies on the structure of the zona pellucida with polarized optics demonstrated that the zona pellucida consists of a complex multilaminar structure. In particular, ZP appears to be divided into two birefringent layers separated by an anisotropic layer [17] . The inner layer (IL) is the most birefringent and thicker and it is the main responsible for the changes in birefringence and thickness of the entire zona [23, 25] . The birefringence of the zona pellucida has been reported to be positively correlated with zona thickness by some authors [13, 23, 25] , but not by others [26] . The zona probably behaves as a whole functionally, though birefringence is seen only in its inner layer. Our data demonstrated a correlation between thickness of zona pellucida and birefringence of its inner layer. It is possible that inner zona is better investigated by birefringence and outer by morphometry. In other terms, the function of the zona might be better described by birefringence and thickness together. It is to be pointed out, however, that an apparent discrepancy about the average ZPT values exists among different works. This could be due to several factors including different scoring methods, high variability oocytes shape among patients and different culture conditions [26] [27] [28] .
Moreover we have observed that zona thickness progressively decreases with women's age. Such a decrease is associated with a reduction of the total and cytoplasmic diameter of the oocyte. Zona pellucida birefringence as a marker of oocyte quality might be quite dependent on structural modification caused by age, as our data demonstrated. It is well known that oocyte aging is one of the most important factors involved in the failure of the assisted reproduction techniques. Oocyte aging has been associated with several morphological and functional alterations, including changes in structure of the plasma membrane, zona pellucida, cytoskeleton or mitochondria, displacement of the spindle, misalignment of chromosomes, dispersion of centrosomal material, displacement of first polar body and cortical granules [29] . Our results clearly show that aged oocytes are characterized by thinner zonae and a reduced total and cytoplasm diameter. The enlargement of PS did not result significantly depending on age, maybe because it could be mostly related to pathologic characteristic of some oocytes that are not necessarily associated with the aging process [2, 3] .
The relationship between zona pellucida structure and aging is controversial. Some studies have suggested positive correlation between ZPT and age [26, 30] Our results, on the contrary, showed that there is a significant inverse correlation between ZPT and women's age, between 24 and 46 years. The reduction of ZPT can be attributed to a progressive decrease of the capability of oocytes and granulosa cells to synthesize and properly assemble ZP proteins. In fact, it is known that defects in the synthesis and secretion of ZP proteins result in a thinner and more loosely organized zona pellucida [31] . Interestingly in mice lacking ZP1, one of the three proteins of the mouse zona, the diameter of ovulated oocytes is on average about a half that of wild type oocytes [32] .
Similarly, the reduction of the oocyte cytoplasm size and total diameter can be a consequence of a decreased ability by the aged oocyte to synthesize protein or to maintain the proper cell volume. A reduced volume of intracellular compartments has been described with age in body composition studies [33] . Reduction of cell volume as a function of aging, due to change in the activity of ionic pumps or in the ability to adjust water uptake, has been described for other cell types such as blood red cells [34] and Leydig cells [35] . It is possible that reduction of water content in the zona might decrease its elasticity and impair the physiological hatching before implantation explaining a possible rationale for assisted hatching as suggested in more aged patients.
The decreased size of oocytes might represent a general biological phenomenon correlated with aging, quicker and more evident in the oocyte because of its large volume and limited life span.
The reduction of oocyte size, however, might as well be caused, in aging oocytes, by the in vitro isolation conditions. The volume changes of mammalian cells are induced by several factors including anisoosmolarity or, under isoosmotic conditions, by hormones and oxidative stress [36] . Reactive oxygen species (ROS) affect several physiological processes from oocyte maturation to fertilization, embryo development and pregnancy [37] .
It is also possible that the changes of oocyte size might be influenced by apoptosis. It has been reported that apoptosis plays a critical role in maintaining oocyte quality. In oocytes with defect in apoptosis it is observed a decrease in oocyte quality that correlated with a decrease in oocyte size [38] . Another effect of women's aging is the FSH level increase [20] . Although we observed that the FSH levels linearly increases with age, a significant correlation between FSH levels and morphometric parameters was not found, maybe because there are other factors that weight on this relationship. In conclusion, our data show that certain morphometric parameters, such as the cytoplasmic diameter of the oocyte, are particularly affected by aging as a physiological process. Other measurements, such as perivitelline space width, showing a clear relation with birefringence, appear to be more related to individual oocyte quality; confirming findings by others [2, 3] . On the other hand zona pellucida thickness, and its age-related changes, might represent a useful index of oocyte quality that in itself may be used to increase the probabilities of identifying bad quality oocytes.
The evaluation of possible relationships between the morphometric parameters and implantation rates after ICSI will form the object of future investigations.
